This paper reports the favorable performance of a top-emitting organic light-emitting diode (TEOLED) using a Ba/Au/ indium tin oxide (ITO) cathode. A cathode with a Ba layer and a long skin depth of 44.1 nm not only prevented damage to the underlying organic layers from ion bombardment during ITO sputtering, but also improved the light out-coupling of devices by increasing the transmittance. With increasing Ba thickness, the turn-on voltage and leakage current of the devices were lower than of those without Ba. The Ba layer in the cathode enhanced the optical characteristics of the devices by the balanced carrier injection.
Introduction
Top-emitting organic light-emitting diode (TEOLED) devices have received considerable research for use in active-matrix displays with a high aperture ratio due to their geometrical merit in allowing high pixel resolution. 1, 2) TEOLEDs are expected to be useful in high-resolution fullcolor displays, as well as in helmet-mounted, windshieldmounted, or other head-up display applications. One of the factors that determine the device performance of TEOLED devices is the property of the top electrode, consisting of only transparent conducting oxides (TCOs) such as indium tin oxide (ITO) or semi-transparent conducting protecting layer (STCPL)/TCO. 2, [4] [5] [6] The high transmittance and low resistance of the top electrode are essential for improving the device performance in terms of low driving voltage, high luminance and high efficiency. ITO thin films are used as transparent, metal-free conducting cathodes in TEOLED devices. 2) Although various methods are available for depositing ITO films, sputtering provides the benefits of high deposition rate and operating stability. 3) Furthermore, some studies have demonstrated that by facilitating a decrease in the operating voltage, sputtering offers better adhesion for the deposition of the top contact electrode than conventional thermal evaporation. 4) However, during conventional sputtering processes, the underlying organic layers can incur serious damage from the bombardment of energetic particles (such as O 2 À and O À ions, Ar þ ions, and electrons) and ultraviolet-visible (UV-vis) light. 5) Recently, a variety of STCPLs have been developed to protect the underlying organic layers from damage during sputtering. In the STCPL/ITO cathode system, semi-transparent STCPLs, such as Ca/Ag, 6) Ag-doped Mg, 7) Al/Ag, 8) Ca, 9) and Ag, 10) have been developed. The introduction of these STCPLs improves the resistivity but decreases the transparency of the top cathode with increasing STCPL thickness. In order to increase the transmittance of an STCPL/ITO cathode, the skin depth of an individual layer composing the STCPL needs to be long. In addition, the adjoining metal layer composing the STCPL adjacent to the organic layer must have a low work function in order to improve the carrier balance by efficiently injecting an electron carrier from the cathode to the adjoining organic layer.
In this study, a Ba layer with a long skin depth was used in the STCPL for superior stability, conductivity, and optical characteristics. The Ba/Au/ITO cathode system was used to fabricate the TEOLEDs with a low operating voltage, high electroluminescence (EL) performance, and favorable protection against sputtering damage.
Experimental Methods
The All organic layers and multimetal layer cathodes in the devices were deposited by thermal evaporation. Among the various materials composing the devices, barium is very reactive with water in air. Hence, barium was evaporated using an alkali metal dispenser (SAES Getters Alkamax) heated by a constant electrical current for a fixed period of time at a base pressure of 4 Â 10 À7 Torr. Meanwhile, the ITO in the multi-layer anode was deposited by conventional dc magnetron sputtering. The Ag/ITO deposited glass substrate was annealed at 350 C for 3 min in a furnace in a nitrogen atmosphere. The ITO composing the multi-layer cathode was also deposited by dc sputtering, which was carried out at a pressure of 5 mTorr in an argon atmosphere mixed with about 0.5% oxygen and a dc power of 400 W. The ITO (refractive index: 1.95), 11) which is a transparent, index-matching layer that can enhance optical transmission, was used as the top capping layer of the TEOLED. The emissive active area of the devices was 1:4 Â 1:4 mm 2 . The reflectance and transmittance spectra of the electrodes were measured using a UV-vis-near infrared (NIR) spectrophotometer (Varian Cary 5000 UV/VIS/NIR) and UV spectrophotometer (SCINCO UV S-2100), respectively. The resistivity was measured using a four-point probe (CHANG MIN CMT-SERIES). The current density-voltage characteristics were measured using a source-measuring unit (Keithley 2400), and the emission intensity of the OLED devices was measured by the photocurrent induced on the silicon photodiodes using a picoammeter (Keithley 485). The luminance and external quantum efficiency were respectively calculated from the responsiveness (silicon photodiode) and photopic efficiency (photopic response curve) compensated for by the EL spectrum measured by optical emission spectroscopy (SC Tech. PCM-420).
Results and Discussion
In the TEOLED with an STCPL/ITO-type cathode, the STCPL plays an important role by protecting the underlying organic layers from bombardment during ITO deposition by sputtering, which involves the production of energetic particles such as O 2 À , O À , and Ar þ ions, and electrons. Liao et al. reported that at 100-eV Ar þ irradiation, when there is no STCPL, some of the N-Al and C-O-Al bonds in the Alq 3 break, which leads to a metal-like surface acting as the leakage path.
12) Considering the energy required to break the C-C (3.73 eV), C-O (3.52 eV), C=C (6.21 eV), C-H (4.45 eV), M (e.g., Al)-O, and M-N bonds in the underlying organic layers, the energy of the energetic particles formed during conventional sputtering processes, such as the reflected Ar, reflected oxygen neutrals, and sputtered atoms, is sufficiently high (>10 eV) to break most of the bonds in the organic layers by bombardment. 13) Therefore, the individual metal layer comprising the STCPL needs to be thick enough but have sufficient transmittance to prevent bombardment damage to the underlying organic layers. Table I shows the skin depth () of various metals that have been representatively used as the STCPL. When light propagates through a metal, it can penetrate a small distance inside the metal before it is reflected. This characteristic length depends on the wavelength of incident light, and is referred to as the skin depth (). The of metals at a wavelength of approximately 500 nm was calculated as follows: ¼ =4k (: wavelength of light, k: extinction coefficient in the complex index of refraction). 6, 14, 15) In the case of Ba, was calculated from k, which was derived from the relationship between " 1 ¼ n 2 À k 2 and " 2 ¼ 2nk, where the values for " 1 and " 2 expressing the dielectric function (ê e ¼ " 1 þ i" 2 ) were chosen from ref. 16 .
The STCPL in general has a double layer structure with a low work function, metal/oxidation-preventing metal layer. Here, a low work function metal enhances an efficiency of carrier recombination between two carriers, by improving electron injection from the cathode to electron-transporting layer (ETL). But it is not stable in air. The oxidationpreventing metal layer prevents oxidation of the low work function metal from moisture and oxygen in the air and protects the organic layers from ion bombardment damage during ITO deposition. Among the low work function metals shown in Table I , the of Ba (44.1 nm) was longer than that of Ca (19.9 nm) 6) and Mg (13.4 nm). 6) Moreover, Ba also exhibited the lowest work function among the metals listed. Among the oxidation-preventing metal layers, the of Au (24.8 nm) was longer than that of Ag (12.8 nm) and Al (6.6 nm), and it also exhibited a high chemical stability.
In this TEOLED structure, in order to increase the lightout coupling efficiency, Ag (150 nm)/ITO (125 nm) was used as a highly reflective anode (reflectance of 94% at a wavelength of 520 nm) with a low resistance (4:0 Â 10 À6 Ácm). In addition, Ba (x nm, x: 15, 10, 5, and 0)/Au (5 nm)/ITO (100 nm) with a long system was used as a highly transmissive cathode. During the deposition of ITO on the glass/Ag/ITO/organic layers/Ba/Au, the device can be damaged by the plasma through oxidation and physical damage of the organic layers if the thickness of the Ba/Au cathode system is inadequate. Therefore, in this study, the total thickness of the Ba/Au cathode system ranged from 5 and 20 nm in order to tune the damage to the underlying organic layers and oxidation of Ba during ITO deposition.
Figures 1(a) and 1(b) show the transmittance and reflectance spectra of the Ba (x nm)/Au (5 nm)/ITO (100 nm) cathode at wavelengths between 450 and 650 nm, respectively. The transmittance of the cathodes at wavelengths > 500 nm increased with increasing Ba thickness > 5 nm. In view of the uniform transmittance, a cathode structure with a Ba thickness of 5 -15 nm showed improved flat properties of 65 -72% at wavelengths of 450 -650 nm, when compared with the cathode without Ba. In the case of the reflective curves shown in Fig. 1(b) , for the cathodes with a Ba thickness of 5 -15 nm, the reflectance was increased at wavelengths > 590 nm but decreased at wavelengths < 590 nm, compared with that of the cathode without Ba. Among the cathode structures with various Ba thicknesses, the cathode composed of Ba (15 nm)/Au (5 nm)/ITO (100 nm) showed a high transmittance of 72% and low reflectance of 15% at the maximum EL peak of 520 nm. The maximum EL peak of 520 nm in the device with a Ba (15 nm)/Au (5 nm)/ ITO (100 nm) cathode was obtained by adjusting the macrocavity length, 17) which could be controlled by changing the thickness of the ITO layer composing the multilayer anode. As shown in Fig. 1 , the optical properties were not insensitive to the Ba thickness variation used in this study. In addition, the high transmittance and low reflectance of the multilayer cathode were attributed to the long skin depth of both Ba and Au consisting of the STCPL. Although the mechanism for the increased transmittance and reduced reflectance induced by introducing Ba into the cathode remains to be elucidated, the change in optical properties was attributed to the difference in the interfacial geometry structure formed between Ba and Au. protect the underlying organic layers from sputtering damage. In addition, the Ba layer functions as a metal with good electrical characteristics. However, the devices with no Ba or the insertion of a Ba layer <5 nm into the cathode layer resulted exhibited poor performance due to the formation of both defects and local trap sites during ITO sputtering, which degraded the structural and electrical characteristics of the organic films. The inset in Fig. 2(a) shows the resistivity of the Ba/Au/ ITO layers on the Si wafer with increasing Ba thickness from 0 to 15 nm. The resistivity of the multilayer cathode was 11.6, 6.32, 5.48, and 4:76 Â 10 À4 Ácm at a Ba layer thickness of 0, 5, 10, and 15 nm, respectively. Therefore, the conductivity of the multilayer cathode improved almost monotonically with increasing Ba thickness in the STCPL. Figure 2 (b) shows the leakage current density at À5 V as a function of the Ba thickness from 0 to 15 nm. The leakage current densities of the devices with a Ba layer thickness of 15, 10, 5, and 0 nm were 2:8 Â 10 À4 , 4:1 Â 10 À4 , 9:7 Â 10 À4 , and 5:1 Â 10 À1 mA/cm 2 , respectively. The insertion of a 5 -15 nm Ba layer decreased the leakage current to three orders of magnitude lower than that of the Au/ITO cathode without Ba. The high leakage current density of the device with the Au/ITO cathode was attributed to bond breaking of the organic molecules, such as Alq 3 , as a result of the bombardment effect during the ITO sputter deposition process, which causes the metal-like surface to act as a leakage path. 12) In addition, the decrease in leakage current with increasing Ba thickness from 5 to 15 nm was attributed to the decrease in plasma damage during ITO deposition. Figure 3 shows the external quantum efficiency-luminance-power efficiency characteristics of TEOLED devices 1-4. The external quantum efficiencies ( ext ) for devices 1, 2, 3, and 4 were 1.9, 1.7, 1.14, and 0.2%, respectively, and the power efficiency ( PE ) was 3.37, 3.12, 2.32, and 0.25 lm/W, respectively. Meanwhile, the luminance (L max ) at a voltage of 9.4 V for devices 1, 2, 3, and 4 was 37200, 36500, 13500, and 80 cd/m 2 , respectively (data not shown). Device 1, with the cathode structure of Ba (15 nm)/Au (5 nm)/ITO (100 nm), showed the best device performance considering the optical properties of the multilayer cathode and the electrical properties of the devices, such as the turnon voltage, leakage current and efficiency. The improved light-out coupling properties of device 1 were explained by a mechanism associated with (i) protection of the underlying organic layers from bombardment damage due to a stable STCPL during the ITO sputtering process, (ii) the improved optical properties in the cathode system with the long skin depth, (iii) the low resistance of the Ba/Au/ITO cathode, and (iv) the balanced exciton recombination as a result of efficient electron injection from the low work function cathode to the ETL.
Conclusions
This study demonstrated the favorable performance of TEOLEDs containing a Ba/Au/ITO cathode with a long skin depth. The cathode of Ba (15 nm)/Au (5 nm)/ITO (100 nm) showed a high transmittance of 72% and a reflectance of 15%, due to the long skin depth of Ba and Au comprising the STCPL. The insertion of a Ba layer into the cathode efficiently protected the organic emitting layer from damage caused by sputtering bombardment during deposition from the top cathode, even when the total STCPL thickness was as thin as 15 nm. In addition, the presence of the Ba layer not only facilitated electron injection but also suppressed the leakage current.
